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The difficulty in predicting recruitment had long been recognized as an important impediment to effective fisheries management (e.g., Fogarty et al., 1991) .
Although this issue was initially framed in the context of traditional singlespecies management, recognition that the broader dimensions of ecological research in oceanography and fisheries science must be integrated into resource management was also gaining traction.
The ecosystem-based perspective and its implications for management was beginning to be incorporated in basic textbooks in oceanography, coastal ecology, and fisheries science (e.g., Pitcher and Hart, 1982; Parsons et al., 1984; Mann, 2000) , influencing a new generation of marine scientists and shaping the career paths of many. 
INTRODUCTION
The developmental arc of the US Global
Ocean Ecosystem Dynamics (GLOBEC) program from conception to implementation strongly reflected a rapidly evolving set of questions and issues at the intersection of basic oceanography, climate science, ecology, and resource management. The genesis of the US GLOBEC program can be traced to a series of fish ecology workshops held from [1980] [1981] [1982] [1983] and a series of subsequent workshops and meetings over the following decade (Fogarty and Powell, 2002; Turner et al., 2013, in this issue) . The quest to understand the determinants of recruitment variability of marine organisms in relation to oceanographic processes and environmental forcing mechanisms provided the impetus for these workshops, ABSTR ACT. Management of living marine resources is undergoing a profound transition toward a more holistic, ecosystem-based paradigm. The interplay of climate and environmental forcing, ecosystem structure and function, and human influences and requirements shape the dynamics of these systems in complex ways.
The US Global Ocean Ecosystem Dynamics (GLOBEC) program was designed to unravel the elements of this complexity and to forge the tools needed to explore the scope for predictability of ecosystem change in a rapidly changing ocean. As a basic science program, US GLOBEC established new standards in ecological monitoring, technological development, and coupled bio-physical modeling of marine systems.
Its legacy goes beyond these fundamental achievements, however, through the realized and potential importance of the GLOBEC approach and findings in resource management. Development of the US GLOBEC program considerably predated the formal adoption of strategies for ecosystem-based management of coastal and marine systems in the United States under the aegis of the National Ocean Policy.
The GLOBEC strategy and its resulting products and tools have nonetheless proven extremely valuable in moving toward the goal of operational marine ecosystembased management. The GLOBEC selection of target species of direct relevance to management (including economically important species and those with special conservation status) underscored the recognized need to provide results of the highest scientific caliber while also meeting broader societal needs and objectives for sustainable resource management. Here, we trace some of the current applications of GLOBEC science in resource management (including the extension of single species management strategies to incorporate climate forcing and the use of broader ecosystem models) and point to its potential to further shape the evolution of marine ecosystem-based management.
In July 2010, the move toward mEBM in the United States was revitalized with the signing of an executive order establishing a new National Ocean Policy (WHCEQ, 2010 Barange et al., 2010) and to assess human impacts on marine ecosystems (Brander et al., 2010) . Michael J. Fogarty (michael.fogarty@noaa.gov GLOBEC coupled physical-biological models culminated in several endpoints with potential relevance to management.
These models ranged from nutrientphytoplankton-zooplankton-detritus (NPZD) models (see Batchelder et al., 2013 , in this issue), including those coupled to higher trophic levels through to fish populations (e.g., Megrey et al., 2007) , to full ecosystem models. In general, NPZD models can be connected to upper trophic levels, including managed fish, mammal, seabird, and other species in one of three ways: (1) end-to-end models (E2Es), which can be any model that links ocean physics to an upper trophic level, (2) individual-based models (IBMs) in which each individual is simulated and tracked, and (3) stochastic age structured models, which reflect the dynamic effects of time-lagged responses due to age. Each of these are briefly described in sequence below and more detailed accounts can be found in Batchelder et al. (2013, in this issue), Curchitser et al. (2013, in this issue) , and Ruzicka et al. (2013, in this issue) .
End-to-End Models
Insights gained from GLOBEC model- 
Individual-Based Models
IBMs for target fish species in GLOBEC were most often used to represent the individual larvae and juvenile stages (e.g., Lough et al., 2005; Huret et al., 2007) . Because the fate of each individual is tracked in these simulations, they can be treated as particles 
TOOLS FOR MANAGEMENT: GLOBEC RESEARCH AND MARINE PROTECTED AREAS
Spatial management strategies are a critical component in the mEBM toolkit.
The use of MPAs in particular to achieve broad ecosystem objectives has received wide attention. MPAs can address multiple objectives, ranging from protection of biodiversity and habitat, to providing refuges from fishing. They arguably hold the potential to meet a broader array of management objectives in an ecosystem context than any other single management tool (Fogarty, 1999; Fogarty et al., 2000) .
Over the last decade, California has implemented one of the largest systems of MPAs in the world (http://www.dfg.ca.gov/marine/mpa).
GLOBEC researchers were instrumental in many aspects of this initiative.
An early focus of GLOBEC modeling centered on the dynamics of marine metapopulations and the potential efficacy of MPAs as a management tool. Metapopulations comprise separate subpopulations distributed over space, linked by dispersing larvae (Botsford et al., 1994) . Steele et al. (2007) depending on their movement rates and the conventional fisheries management being applied outside the MPAs. As the area protected by MPAs increases, species with shorter larval dispersal and less adult movement (e.g., red abalone, Haliotis rufescens) respond more than species with longer larval movement and no adult movement (e.g., cabezon, Scorpaenichthys marmoratus) or species with long larval dispersal and large home ranges (e.g., black rockfish, Sebastes melanops) ( Figure 5 ; Botsford et al., 2001) . However, it also shows that shortdistance dispersers (e.g., abalone) predictably contribute less to fisheries outside the reserve (Figure 5b ). If fisheries are already sustainably managed, adding MPAs can actually cause fishery yield to decline (Hastings and Botsford, 1999 ; Figure 5d ). Empirical evidence of the effects of differences in species' mobility, fishing patterns, and species interactions on the performance of MPAs was also addressed as an extension of this earlier GLOBEC work (Micheli et al., 2004) .
The GLOBEC program on Georges
Bank explored the theme of spatial management, with consideration of the importance of larval dispersal of sea scallops (Placopectin magellanicus). A finite-element hydrodynamic model coupled with a dispersal submodel incorporating larval behavior was used (Tremblay et al., 1994) . The characteristic anticyclonic gyre on Georges Bank, an important focus of GLOBEC physical oceanographic studies, plays a key role in retention of larvae on the bank, with important implications for both self-seeding of areas closed to fishing and provision of larval subsidies to open areas (Fogarty and Botsford, 2007) .
Subsequent work on the efficacy of the closed areas for an assemblage of fish species, including cod and haddock, revealed interesting differences in both spill-over benefits and biomass accumulation from the closed areas related to the movement patterns and home range of these species (Murawski et al., 2004 Fogarty and Murawski, 2005) .
STATUS OF IMPLEMENTATION OF mEBM IN US GLOBEC STUDY AREAS
US GLOBEC research on Georges Bank, exist (see http://www.noaa.gov/iea).
In the Southern Ocean, one of the first formal mEBM strategies was formulated and implemented. In the following, we provide a brief overview of the state of play in implementing mEBM in the US GLOBEC study areas and how GLOBEC research can help further support these efforts.
Southern Ocean
The Southern Ocean ecosystem is cur- Coupled physical-biological models and E2E models for the western Antarctic Peninsula region (incorporating krill and upper trophic level predators) that were developed during the GLOBEC program (see Hofmann et al., 2011; Murphy and Hofmann, 2012) are well suited to contribute to assessment and management of this critically important species. Further work with important potential management applications include demographic models designed to assess the decline of penguin populations in response to predicted climate change (Jenouvrier et al., 2009) . Spectral analysis has also been used to evaluate changes in the dynamics of seabird populations in the region in response to climate change (Jenouvrier et al., 2005) , again providing important insights into variability of key species in the food web.
Georges Bank
The Northeast Regional Planning Body was the first in the nation to set overall objectives for mEBM under the provi- Murphy et al. (2013) of aggregates of separate salmon stocks when there is lower covariability among stocks (e.g., Schindler et al., 2010) .
Ongoing GLOBEC research indicates increasing alongshore covariability in ocean survivals of Chinook salmon (Kilduff et al., in press ). Also, in collabo- 
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FUTURE DEVELOPMENTS AND NEEDS
The 
